It Is unknown bow n c s are spied in the ofcr system. To defne ruleso o i
Specific neuronal connections are a prerequisite for the enormous sensitivity and discriminative capacity of the olfactory system. In the visual, somatosensory, auditory, and other sensory systems, neighborhood relationships ofperipheral neurons in the sensory surface are faithfully rebuilt by the projection to the central target area (1) . In contrast, the primary olfactory projection does not generate a strictly topological map ofthe olfactory epithelium onto the olfactory bulb (2) (3) (4) (5) (6) . Indeed, such a map would make sense only if stimulation of neighboring sensory cells carried information about similarity of the stimuli. This seems not to be the case for the primary process of olfaction. However, the degree of anatomical order varies among species: while the projection is seemingly diffuse in the trout (2) , it is comparatively ordered in rodents mapping longitudinal stripes of the epithelium onto regions of the bulb (3, 4) . These variations cannot be attributed to differences in olfactory ability, since in fish (as in rodents) the sense of smell is highly developed and important for behavior (7) .
The olfactory bulb contains numerous neuropil conglomerates, called glomeruli, as primary relay stations for incoming sensory information. Olfactory sensory neurons located in the olfactory epithelium send one axon each into one glomerulus. Several studies have suggested that glomeruli serve as functional modules (8) by responding selectively to specific odorants (9) (10) (11) In adult zebrafish (Danio rerio), the glomerular array is highly stereotyped (13) . Twenty-two glomeruli (about one fourth of the population) can be reproducibly found in all animals, permitting us to systematically study the connections of individually identified glomeruli and compare the patterns for one homologous glomerulus in many animals. We chose the ventroposterior glomerulus (vpG) for most of our backlabeling experiments. It is easily accessible for microinjection with 1,1'-dioctadecyl-3,3,3',3',-tetramethylindocarbocyanine perchlorate (Dii) (14) in aldehyde-fixed tissue. Also, it is large and isolated enough to restrict the dye label to this particular glomerulus. Sensory neurons in the olfactory epithelium that project into the ventroposterior glomerulus (vpG) become subsequently labeled by diffusion of DiI along their axons. The resulting backlabeling patterns were analyzed by several criteria for regularities in cell distributions.
MATERIALS AND METHODS
Anerograde Plabeling of Glomrul with 7-Amlno-4-choromethylcoumarin (CMAC). To visualize the entire pattern ofglomeruli, the blue fluorescent dye CMAC (Molecular Probes; A-2110; 0.5 mg/10 A1 in dimethylformamide diluted 1:20 in water) is injected into both nasal cavities of a living, anaesthetized adult fish (see ref. 13) . After an overnight tracing period, the fish is killed. Its olfactory system is dissected en bloc and fixed (4% paraformaldehyde in 0.1 M phosphate buffer). The dye anterogradely labels sensory terminals in the bulb ( Fig. 1 a and (Bar = 200 Pm.) While CMAC fluorescence is viewed, the micropipette is positioned into the vpG with the help of a hydraulic micromanipulator (Narishige, Tokyo) mounted on a multidimensional manipulator (Leitz). A small volume (several hundred picoliters) of dye is expelled by air-pressure pulses (300 kPa; 20 ms). The subsequent tracing lasts about 2 weeks, when the tissue is incubated in 0.5% paraformaldehyde (pH 9.8) at 40(C.
By the end of the tracing period, the lateral spread of DiI around the injection site isjudged by microscopic inspection. Only those experiments in which the dye-labeled sensory axons emanated exclusively from the vpG were included in this study (Fig. ic) . Epithelia containing labeled cells are embedded at a consistent orientation in 7.5% gelatin (in phosphate-buffered saline) and postfixed for 24 hr (4% paraformaldehyde in 0.1 M phosphate buffer). Five or six 100-gm sections are obtained from one epithelium with a vibratome. Generally, only the middle three sections contain labeled cells. The outline of the midmost section of each olfactory epithelium was drawn, and the positions of Dil-labeled cells were charted (see Fig. 2 ). by an arrow (rnin = 8.2 Mm). Unit of the hazard function is Aml. tical testing is "complete randomness" for the distribution of cells in the (two-dimensional) epithelium-i.e., the result of a Poisson process with spatially homogeneous rate parameter (measured in cells per unit area). This is the case where the cells take random positions irrespective of their distances from other cells. Projecting a Poisson distribution in a plane onto a line again results in a Poisson distribution. Therefore, the null hypothesis carries over to the projected (now onedimensional) data to which the test is actually applied. Projections of point processes, however, will generally produce relatively more short distances on a line than there are in the plane. Our results still show a significant lack of short distances whatsoever, leading us to reject the null hypothesis (see Results). In addition, we performed simulations to ascertain that the characteristic shape of the histogram does not simply reflect projection artifacts (data not shown).
A more direct interpretation of the deviations from our null hypothesis can be achieved by means of the so-called hazard function (17) . The hazard function h(r) is derived from the empirical distribution of cell-to-cell distances. It was determined numerically from the unbinned data by using routines written in MATHEMATICA on a workstation. Starting with the Neurons backlabeled from the vpG were found scattered within the entire sensory area of the epithelium (Fig. 1d) . We did not observe a deviation from this pattern in any of our 24 successful experiments (Fig. 2 shows 4 examples). Labeled cells were never found to be regionally clustered. Since in each tracing experiment a variable subset of neurons projecting to the vpG was labeled, it could not be precluded that a more subtle topographical ordering was overlooked by separate evaluations. Pooling the data from all individuals would enhance a tendency of labeled cells toward accumulating in certain parts ofthe epithelium. Since lamellae can be homologized from fish to fish by their positions in the organ, each epithelium could be consistently divided into 80 subregions (see Materials and Methods). The total number of cells found within corresponding subregions was plotted onto a prototype epithelium (Fig. 3a) . The pooled data confirm that labeled neurons are widely distributed over all lamellae.
The area where labeled neurons are located exactly matches the sensory area of the olfactory organ, as was shown by a massive DiI injection of the bulb at the olfactory nerve's entry point. This leads to backlabeling of many thousands of neurons in the olfactory epithelium (Fig. 3b) . Olfactory sensory neurons in the zebrafish form a continuous sheet lining the walls of the lamellae within the central two-thirds of their lengths, a pattern that is typical for cyprinid fish (15) . Cell bodies of zebrafish olfactory neurons extend over 2-3 um in the tangential direction of the epithelium and are in many cases directly apposed. We estimate the mean distance between two neighboring neurons to be [3] [4] ,um, well in accord with earlier studies in other teleosts (15, 16) .
In the vpG-backtracing experiments, we find that labeled neurons do not reside at reproducible positions in different animals (asjudged by the distance from the median raphe) but are scattered in an unpredictable manner along the lamella (data not shown). Although a deterministic pattern cannot be disproven, it seems most likely that the spatial coordinates of these neurons within the sensory area are random.
The absence of region-to-region mapping could be generalized to the entire olfactory projection by 34 backtracings from other glomerular positions. We performed injections into the ventrocentral part of the olfactory bulb (n = 7), the ventromedial (n = 6), the ventroanterior (n = 3), the ventrolateral (n = 1), the dorsal (n = 2), and the ventroposterior part (n = 15). In some cases, injections were confined to a single glomerulus, as with the vpG. The backtracing patterns obtained did not appear different for different injection sites, while the number of labeled cells correlated with the size of the injection.
We reasoned that, even in the absence ofglobal order, local ordering principles could govern the positions of backlabeled neurons relative to each other. Alternatively, cell positions could be independent from each other-i.e., generated in the manner of a Poisson point process (17) . To decide on this, we measured lateral distances between neighboring cells in the data set from the vpG backtracings. Because of the complex geometry of the sensory epithelium, distances can be determined reliably only within one-half lamella and within that in one dimension of the plane of section. We therefore obtained the distance data as described in Materials and Methods and as illustrated in the Fig. 4a Inset. In case ofa one-dimensional Poisson process, one would expect a frequency distribution that starts with a high number at small distances and declines exponentially for larger distances. The empirical data are shown in the histogram of Fig. 4a . It is obvious that small distances are absent-i.e., less frequent than expected from the Poisson hypothesis. The absence of close neighbors cannot be explained trivially by the cell-body diameter, which is only 2-3 I&m (see above).
To obtain a more sensitive indicator for deviations from a Poisson point process, we calculated the so-called hazard function (see Materials and Methods) of our data. Fig. 4b shows the empirical results as well as the theoretical function predicted by a Poisson process. In the theoretical case, the hazard function has a constant value equal to the inverse of the mean distance. The empirical function apparently deviates from the theoretical function in several respects (for a test of significance, see below) as follows: (i) as already indicated by the histogram (Fig. 4a) , small distances are absent; (ii) distances around 13 urm occur at a much higher than average rate; and (iii) the function declines rapidly at [16] [17] [18] [19] [20] ,.m and rises again with a second peak at about 27 am. To indicate the significance of these features, we performed a maximum-likelihood fit ofthe empirical survivor function to an exponential distribution. We tested the goodness-of-fit by using appropriate x2 statistics and found that the difference between the empirical and the fitted function is statistically significant (a < 0.001). To determine significance of individual structural components of the distribution, the test was applied separately to truncated data sets in which only distances above a certain threshold were used. By systematically varying this threshold, we find that for distances > 15 pm, the Poisson hypothesis cannot be rejected (a > 0.2). In conclusion, this analysis demonstrates that the relative lack of small distances (<11 ,um) and the overrepresentation of distances around 13 jAm (first peak) are significant, whereas the other peaks and depressions are not. Nevertheless, the latter could reflect trends in the data, which we could not resolve with our method.
From the statistical analysis, it is clear that neurons connected to the vpG keep a minimum distance from each other. The hazard function further suggests that neighbors that are absent in the vicinity ofa particular cell occur at more distant positions instead. In statistical terms, this phenomenon argues for "repulsion" as the spacing mechanism, rather than "elimination." An Proc. Natl. Acad. Sci. USA 91 (1994) ganglion cells are specified by their position in the retinal field to project to a defined point in the midbrain (18) . As a consequence of this specification, the visual field is mapped topologically onto the corresponding brain area. Our data show that the olfactory epithelium lacks this type of global positional information. This finding is consistent with an earlier report on the olfactory projection to glomerular regions in trout (2) and extends its conclusions to single glomeruli in zebrafish. This "anti-topological" principle does not strictly apply to other vertebrates, like rodents (3, 4) . However, regional correspondence between the olfactory epithelium and the bulb in these species is coarse and may reflect developmental events unrelated to target specification (4) . A new and unpredicted finding in zebrafish is that neurons with the same target are not dispersed randomly over the sensory surface but are evenly spaced. It will be interesting to see whether this observation can be generalized to other vertebrates.
Several cell-biological mechanisms are conceivable to cause the spacing of equally specified cells. Any model has to take into account the fact that there are about 80 glomeruli in the zebrafish (in addition to uncompartmentalized glomerular plexus), all of which serve as potential target sites for outgrowing sensory axons. In other vertebrate species, glomeruli are much more numerous (e.g., several thousands in rodents), making the problem of target specificity still more complex.
A brute-force programming mechanism, at one extreme, would tell every single neuron from its birth which glomerulus to choose as a target (i.e., to determine its "specificity type"). 
